The genetic loci which specify the structures of the enzymes concerned with tryptophan biosynthesis are organized in tightly clustered arrays on the genomes of Escherichia coli (15) and Salmonella typhimurium (5) , and the regulation of expressions of these gene clusters is characteristic of operon systems (4, 9, 10). In contrast, certain fungi, including Neurospora crassa (1) , Saccharomyces cerevisiae (11) , and Aspergillus nidulans (8, 13) possess several unlinked loci which specify these enzymes, although the essential features of the biochemical pathways appear to be identical with those found in the enteric bacteria (7) .
The pathway for tryptophan biosynthesis as it has been demonstrated in E. coli, S. typhimurium, and certain fungi is shown in Fig. 1 . Mutant classes having the following properties have been isolated in all of these organisms: those of class B grow only on tryptophan and accumulate indole in culture filtrates; those of class A grow on either indole or tryptophan and accumulate indoleglycerol. Both of these classes are defective in the final step in tryptophan biosynthesis, the enzyme tryptophan synthetase. Mutants The genetic and biochemical aspects of tryptophan biosynthesis in a gram-positive bacterium, Bacillus subtilis, have been examined for purposes of comparison with the other systems. Earlier reports of mapping studies with five tryptophan auxotrophs in four different classes placed the mutant loci in close proximity on the B. subtilis genome (3, 12) . The present studies were aimed at the further elaboration of the genetic organization of this system and its relationship to the enzymatic steps involved.
MATERIALS AND METHODS
Tryptophan auxotrophs of B. subtilis were isolated from strain SB491, a prototrophic derivative (obtained from E. W. Nester, University of Washington) of the transformable strain 168 try- (14) . At the beginning of the study, mutations were induced by either nitrosoguanidine treatment (50 ,ug/ml in Penassay broth for 1 hr) or by ultraviolet irradiation to 10-4 survival. Auxotrophs were identified by plating on Nutrient Agar (Microbiological Sciences, Inc., Yonkers, N.Y.), followed by replica plating to medium lacking tryptophan, or in some cases by plating initially on tryptophan-or indole-supplemented minimal agar for the selection of tryptophan auxo- Double mutants containing the reference marker anth-(an anthranilate synthetase deficiency) were constructed by transforming an anth-his-2-recipient strain with DNA prepared from a donor strain carrying the desired additional tryptophan marker. Histidine prototrophs which carried the donor tryptophan marker were selected. The presence of the donor tryptophan marker was established by failure of the histidine prototrophs to grow on anthranilic acidagar. The double mutant nature of these strains was verified by testing nonaccumulating recombinants (presumably due to the presence of the early anthmarker) with DNA of the anth-strain to establish that the anth-marker had remained in the recipient.
Three-point crosses for the determination of marker orders were carried out by procedures described previously (6) . Recombinants were plated on minimal agar and anthranilic acid-agar, and the ratio of completely prototrophic recombinants to those carrying J. BACTERIOL. the reference anth-marker was determ rationale for marker order assignment wa the expectations diagrammed in Fig. 2 transformation cross between a donor DN a single tryptophan mutational site and strain carrying both the reference (anth-) r a second tryptophan marker, it is expecte frequency of prototrophic recombinant upon whether the incoming donor mutati( located between the two mutant sites in ti or outside of these. As shown in the diagrai site located between the two recipient sites quadruple crossover event to generate the I whereas a donor site located to the right sites in the recipent can yield a prototroph t crossover. Earlier studies of fine structure site mapping of a single class of tryptophan had shown that the frequencies of prot such crosses fall into two classes, those y than 25% and those with levels in excess c Marker orders were thus assigned by u criterion, and reciprocal crosses were carrii the same mutant strains in both donor an roles to confirm the assigned orders.
RESULTS
Mutant characterization. InGP synthetase function, since activity for this reaction cannot yet be found in B. subtilis. This latter class does differ from the mutant classes 2 esents the and 3, however, by the spectral and chromatomutants graphic properties of the intermediate accumumutagens lated in culture supernatant fluids, which is less umulation strongly fluorescent, has a slower chromatoof these graphic migration, and shows an absorption peak )nly those at 325 m,u which is characteristic of 1-(O-carboxylic acid as phenylamino)-l-deoxyribulose (CDR). )und to be Finally, the mutants of class 3, which are ain strains identical in growth and accumulation properties nt already to those of class 2, are distinguished from the function. former by the absence of activity for the PRAwn to lack isomerase reaction, which is found in mutants of ;of choris-all other classes. anthranilic Mapping studies. The results of three-point oups have transformation crosses between representative mutants of the six different auxotrophic classes )ear to be are summarized in Table 2 frequencies of prototrophs in crosses with strains of all other classes. By use of the rationale described in Fig. 2 for the ordering of markers, the various donor mutant sites can be placed either between the two markers in the recipient, in those cases where the anth+ frequency is low, or to the right of the two recipient markers where the anth+ frequency is high. The latter order assumes that the reference anth-marker is the most distal on the left according to the above orientation, which was established earlier by Anagnostopoulos and Crawford (3). By these criteria, the orders of mutational classes in this system would then be Group 1 (anth-)-Group 2-Group 4-Group 3-Group Sb-Group 5a.
In addition to the ordering of mutational sites between different classes of mutant types, this type of analysis also permits the resolution of mutational sites between strains within the same phenotypic class. In group 2 mutants, it is seen that the mutant site in strain NG 120 is located to the left of the site in NA8, whereas both the NAl and NG 61 sites are to the right of the NA8 site. The order of the latter two is established by the crosses with these mutant types as recipients, with the final order given as anth-(NG 120-NA 8-NA 1-NG 61). Similarly, within the group 4 class the order anth-(NG 2-168-NG 1) can be established, and within class 5a, the order anth-(NG 63-NA 9). Mutational site orders for mutants in the 5b class have been described previously (6) . The data reported here are not sufficient to determine site orders within the group 3 class, although these have been determined by more extensive crosses (B. C. Carlton, unpublished data).
On the basis of these studies, the mutational sites affecting the various biochemical functions associated with tryptophan biosynthesis can be visualized on a genetic map as shown in Fig. 3 From these studies, it would appear that all of the gene functions concerned with tryptophan biosynthetic enzyme structure are localized in a tight cluster on the B. subtilis genome, since all six expected phenotypic classes of mutants have now been isolated and all of the mutational sites can be localized within the cluster. A definitive comparison of the genetic organization of this system with those described for the enteric bacteria is somewhat premature at this point because of the lack of conclusive evidence relative to the specific functions of the class 2 and class 4 mutants. If, however, these are assigned the PRtransferase and InGP synthetase functions, respectively, as seems most likely in view of the accumulation properties of the mutants, then the genetic organization of B. subtilis would be essentially analogous to that described for the enteric bacteria, in terms of the orders of the several cistrons. The final question, that of the possible operon nature of the system, likewise awaits more detailed biochemical and genetic investigations to determine the regulatory properties of the several enzymes in the system under repressing and derepressing conditions and the isolation of polarity-type and other regulatory mutants.
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